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Abstract
Within the framework of AdS/QCD models, the spectrum of radi-
ally excited hadrons is identified with a tower of Kaluza-Klein (KK)
states in dual theory. We discuss some theoretical pitfalls with such a
modeling of hadron spectrum and propose an alternative description.
In our scheme, each hadron is related with a certain QCD operator or,
for high enough excitation, with a certain set of operators. The higher
radial excitations are interpolated by some higher dimensional QCD
operators in a similar way as the higher spin hadrons. This identifi-
cation makes bottom-up holographic models more closely connected
with QCD and more amenable to comparisons with lattice simula-
tions. In a dual theory, the hadrons are described by zero KK mode
of corresponding five-dimensional fields, the higher KK modes are ne-
glected being unreliable solutions. As a result the radial states with
growing mass are enumerated by growing dimension of interpolating
QCD operators rather than by KK mode number. The idea is suc-
cessfully tested in the Soft Wall and Hard Wall holographic models in
the sector of light mesons. Our approach in particular leads to a much
better phenomenological spectrum of vector radial excitations in the
Hard Wall model than the traditional KK description. A new inter-
pretation for quadratic dilaton background in the Soft Wall model is
discussed.
1 Introduction
The confinement in QCD is known to lead to a reach spectrum of excited
hadrons. A complete theoretical understanding of this spectrum is still miss-
ing despite of many fruitful ideas and models put forward in the last half
of century. The problem becomes especially acute in the case of hadrons
composed from light quarks where one observes plenty of higher spin and
radial excitations. The corresponding hadron resonances usually have large
1E-mail: s.afonin@spbu.ru
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decay widths and this causes many difficulties not only with experimental
extraction of their characteristics but also with a clear theoretical identifi-
cation of the given objects. In this situation, it is very useful to consider a
limit where many hadron resonances become well-defined particles while the
underlying theory remains qualitatively similar. Quite remarkably, such a
limit indeed exists in QCD — the large-Nc (called also planar) limit [1], in
which the quark-antiquark states become stable particles: Both their strong
decay width and corrections to masses are suppressed by 1/Nc. Baryons rep-
resent heavy objects in this limit [2] (their mass behaves as O(Nc) while the
mass of quark-antiquark mesons scales as O(1)) and will be of no interest for
us. Matching the obtained meson theory to the perturbative QCD at small
’t Hooft constant λ
.
= g2Nc shows that the theory at small λ must contain
an infinite number of states for each quantum number [2] — the ”radial”
excitations with growing masses.
It has long been suspected that planar QCD is equivalent to some string
theory. This idea got a new push with the advent of AdS/CFT (or more
generically holographic) correspondence [3–5]. The use of holographic con-
jectures has now penetrated many branches of theoretical physics including
the real QCD (this branch of research is referred to as holographic QCD
or AdS/QCD). Within the holographic QCD, the infinite number of mesons
with identical quantum numbers expected in the large-Nc limit is modelled
by an infinite tower of Kaluza-Klein (KK) excitations. The most popular
phenomenological models of this sort are the Hard Wall (HW) [6, 7] and
Soft Wall (SW) [8] holographic models. They have enjoyed an unexpected
phenomenological success — the HW model was particularly successful in
description of physics related to the chiral symmetry breaking in QCD while
the SW one turned out to be very convenient in description of phenomenology
of string-like linear Regge trajectories.
The modeling of radially excited mesons by KK modes looks, however,
too simplistic — the former are highly complicated dynamical objects in
QCD while the latter are rather simple states arising from an extra dimen-
sion. Most likely, in such a modeling there is almost no connection with
the real strong interactions.The identification of radial states in the planar
QCD with KK modes in gravity duals was criticized, in particular, in Ref. [9]
basing on observation that the former are defined at small ’t Hooft coupling
λ while the latter at large λ where the existence of holographic duality can
be motivated. The theories at small and large λ are qualitatively different
and this, according to Ref. [9], prevents a reliable AdS/CFT correspondence
from emerging. In section 5 below we will argue that the KK modes (except
the lightest one) are not well defined at all in view of an approximate nature
of AdS space in the holographic duality.
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The purpose of the present work is to propose a possible way out from
theoretical uneasiness with the KK modes in the holographic hadron spec-
troscopy. Our proposal consists in exploiting the higher dimensional QCD
operators instead of higher KK modes — one should consider an infinite
number of operators with growing canonical dimension ∆ for each set of
quantum numbers, find the normalizable solutions of equation of motion in
a holographic model for the corresponding dual 5D field for each ∆ and keep
only solution with the smallest eigenvalue. As a result, each solution will
be in one-to-one correspondence with some QCD operators. This approach
looks different from the standard bottom-up AdS/QCD models in which an
infinite number of normalizable solutions (KK modes) corresponds to only
one QCD operator — usually to an operator of leading twist 2 [8]. We will
demonstrate, however, that in the case of SW model the arising spectrum
is essentially the same as in the standard approach. In the HW model, the
spectrum becomes different and rises much slower with excitation number
qualitatively approaching the rise of experimental radial trajectories.
The paper is organized as follows. First, in section 2, we give a very brief
review on the higher dimensional QCD operators. Then we apply our method
to the SW and HW holographic models in sections 3 and 4 correspondingly.
Further discussions are contained in section 5 and we conclude in section 6.
2 Higher dimensional QCD operators
The general idea that radially excited hadrons should arise from coupling to
Higher Dimensional Operators (HDO) in QCD is rather old and has appeared
from time to time in the literature. It was used, for instance, for construction
of some extended low-energy quark models [10, 11].
Consider two basic quark currents,
Vµ = q¯γµq = q¯LγµqL + q¯RγµqR, (1)
S = q¯q = q¯LqR + q¯RqL. (2)
Here the Dirac spinor q = qL + qR stays for u or d quark fields and qL,R =
1∓γ5
2
q. The isospin and γ5 matrices can be also inserted in (1) and (2) but
this is not essential for our discussions and will be dropped (but implicitly
assumed where necessary). What is essential is the different chiral structure
of twist-2 vector current (1) and twist-3 scalar current (2) — they trans-
form differently under SUL(2) × SUR(2) chiral transformations. The chiral
transformation properties of QCD currents were discussed in detail in many
papers and we refer to the relevant literature (see, e.g., [12, 13]).
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The twist-2 vector current (1) has been traditionally used for interpola-
tion of ρ and ω mesons in QCD sum rules, lattice QCD and low-energy effec-
tive field theories. Consider now the lightest ρ3 excitation — the resonance
ρ3(1690) [14]. The leading twist spin-3 quark operator can be easily con-
structed by insertion of covariant derivatives (the appropriate symmetriza-
tion is implied),
Vµ1µ2µ3 = q¯γµ1Dµ2Dµ3q. (3)
The tensor current (3) is not conserved (as the scalar one (2) and many
others) but the experience of spectral QCD sum rules shows that the conser-
vation is of no importance for finding the relevant pole [15]. The interpolating
operator (3) repeats the chiral properties of (1). We can contract the last
two Lorentz indices in (3) and get the twist-4 vector current
V ′µ = q¯γµD
2q. (4)
It is natural to expect that the current (4) couples to a spin-1 state lying in
a mass range close to ρ3(1690). Such a state does exists — the resonance
ρ(1700) [14]. There are many other cases of approximate degeneracy between
spin and radial excitations and this gives rise to a remarkable general picture
of degeneracies in the experimental spectrum of light non-strange mesons up
to 2.5 GeV [13, 16]. We obtain thus a kind of ”experimental” confirmation
for the conjecture that the radially excited states couple to HDO in QCD.
On the other hand, a vector interpolating current can be constructed also
by insertion of covariant derivative to the scalar current (2),
V˜µ = q¯Dµq = q¯LDµqR + q¯RDµqL. (5)
This operator inherits the chiral properties of the current (2) and its twist.
In addition, the currents (1) and (5) look different from the point of view of
Lorentz group since (5) can be represented on shell as [13]
q¯Dµq = −∂νHµν , Hµν = q¯σµνq, (6)
where σµν = (γµγν − γνγµ)/2i. The antisymmetric tensor current Hµν trans-
forms as (1, 0) + (0, 1) while (1) has the Lorentz structure
(
1
2
, 1
2
)
[11–13].
One can notice that the vector current ∂νHµν is trivially conserved but this
conservation is topological, i.e. of different nature than the conservation of
Noether current (1). What ρ-meson does the operator (5) interpolate? Since
it has one covariant derivative, one can expect the corresponding state to
lie between ρ(770) and ρ(1700). There exists one well-established ρ-meson
in this range — the resonance ρ(1450) [14]. One may expect also that the
experimental study of this resonance is more difficult because its production
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should be suppressed in e+e− annihilation. The Particle Data [14] indeed
makes caution that ρ(1450) is the name for a broad resonance region rather
than a definite resonance. The first suggestion to associate (6) with ρ(1450)
appeared within the extended Nambu–Jona-Lasinio model of Ref. [11].
The higher spin Regge recurrences arise thus from two kinds of composite
spin-J operators stemming from (1) and (2),
Vµ1µ2µ3...µJ = q¯γµ1Dµ2Dµ3 . . .DµJ q, (7)
V˜µ1µ2µ3...µJ = q¯Dµ1Dµ2Dµ3 . . .DµJ q. (8)
The operators (7) interpolate the spin-J quark-antiquark states in the Lorentz
representation
(
J
2
, J
2
)
and have the chiral transformation properties of usual
vector current (1) (and for this reason emerge naturally in QCD analysis of
deep inelastic scattering via OPE), while the chiral and Lorentz properties
of (8) are different. Contracting n times the Lorentz indices we get an inter-
polating operator for the n-th radial excitation of corresponding spin-(J−2n)
meson.
For high enough canonical dimensions, several covariant derivatives in (7)
and (8) can be replaced by insertion of gluon field strength Gµν , the corre-
sponding operators will interpolate hybrid states. For instance, the operator
q¯γµGµνD
νq couples to a scalar hybrid with the chiral properties of vector
current (1). One can of course construct purely gluonic operators which are
chiral singlets. The leading twist-2 operators of this sort have the structure
G˜µ1µ2µ3...µJ = G
ρ
µ1Dµ2Dµ3 . . .DµJ−1GµJρ. (9)
In relating holographic predictions to observable states one should keep
in mind that the spectrum of holographic models by itself does know about
the chiral and Lorentz structure of underlying QCD operators, only canonical
dimension and spin are essential.
3 The Soft Wall model
For demonstration of the main idea we will use the simplest Abelian version
of the SW model [8] defined by the 5D action
S = c2
∫
d4x dz
√
g e−az
2
(
−1
4
FMNF
MN +
1
2
m25VMV
M
)
, (10)
where g = |detgMN |, FMN = ∂MVN − ∂NVM , M,N = 0, 1, 2, 3, 4, c is a
normalization constant for the vector field VM , and the background space
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represents the Poincare´ patch of the AdS5 space with the metric
gMNdx
MdxN =
R2
z2
(ηµνdx
µdxν − dz2), z > 0. (11)
Here ηµν = diag(1,−1,−1,−1), R denotes the radius of AdS5 space, and
z is the holographic coordinate which is usually interpreted as the inverse
energy scale. At each fixed z one has the metric of flat 4D Minkowski space.
According to the standard prescriptions of AdS/CFT correspondence [4, 5]
the 5D mass m5 is determined by the behavior of p-form fields near the UV
boundary z = 0,
m25R
2 = (∆− p)(∆ + p− 4), (12)
where ∆ means the scaling dimension of 4D operator dual to the correspond-
ing 5D field on the UV boundary. We consider the vector case, thus p = 1
and m25R
2 = (∆−1)(∆−3). The minimal value of dimension for vector oper-
ator in QCD is ∆ = 3 (the current (1)) that, according to (12), corresponds
to massless 5D vector fields which are usually considered in the SW models.
But in general, QCD operators interpolating vector mesons can have higher
canonical dimensions, in particular, as was discussed in section 2, the ”de-
scendants” preserving the chiral and Lorentz properties will have dimensions
∆ = 3 + 2k, k = 0, 1, 2, . . . . (13)
The 4D mass spectrum of KK modes can be found, as usual, from the
equation of motion accepting the 4D plane-wave ansatz VM(xµ, z) = e
ipxv(z)ǫµ
with the on-shell, p2 = m2, and transverse, pµǫµ = 0, conditions. In addi-
tion, we will imply the condition Vz = 0 for the physical components of
5D fields [17]. For massless vector fields, this is equivalent to the standard
choice of axial gauge due to emerging gauge invariance [8]. The ensuing from
action (10) equation of motion is
∂z
(
e−az
2
z
∂zvn
)
=
(
m25R
2
z3
− m
2
n
z
)
e−az
2
vn. (14)
The particle-like excitations correspond to normalizable solutions of Sturm-
Liuville equation (14). It is known that they form an infinite discrete set
vn(z). The given property becomes more transparent after the substitution
vn = z
1/2eaz
2/2ψn, (15)
which transforms the Eq. (14) into a form of one-dimensional Schro¨dinger
equation
− ∂2zψn + V (z)ψn = m2nψn, (16)
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with the potential
V (z) = a2z2 +
1 +m25R
2 − 1/4
z2
, (17)
The mass spectrum of the model is given by the eigenvalues of Eq. (16),
m2n = 2|a|
(
2n+ 1 +
√
1 +m25R
2
)
, n = 0, 1, 2, . . . . (18)
Using Eq. (12) for p = 1 the spectrum can be rewritten as
m2n = 2|a| (2n+∆− 1) . (19)
Now let us substitute relation (13) into this spectrum. The result becomes
quite remarkable,
m2n = 4|a| (n + k + 1) , n, k = 0, 1, 2, . . . . (20)
The formula (20) demonstrates that within the standard SW holographic
model, the description of radial spectrum for vector mesons by interpolating
HDO is essentially the same as by KK modes — the numbers n and k can
be interchanged. This means that we are allowed to keep only the lightest
KK mode, n = 0, and interpret the spectrum as arising from coupling the
higher radially excited states to HDO constructed from the quark and gluon
fields in QCD.
It is not difficult to show that the same property holds for other integer
spins. First let us consider the action for a free scalar field Φ on AdS5 with
the dilaton background as in (10),
S =
1
2
c2
∫
d4x dz
√
g e−az
2(
∂MΦ∂
MΦ−m25Φ2
)
. (21)
As before accepting the 4D plane-wave ansatz Φ(xµ, z) = e
ipxφ(z) we arrive
at the equation of motion,
∂z
(
e−az
2
z3
∂zφn
)
=
(
m25R
2
z5
− m
2
n
z3
)
e−az
2
φn, (22)
which after the substitution φn = z
3/2eaz
2/2ψn transforms into the Schro¨dinger
equation (16) with the potential
V (z) = a2z2 +
4 +m25R
2 − 1/4
z2
+ 2a. (23)
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The corresponding eigenvalues are
m2n = 2|a|
(
2n+ 1 +
a
|a| +
√
4 +m25R
2
)
, n = 0, 1, 2, . . . . (24)
Again making use of Eq. (12) but for p = 0 in (24) we obtain
m2n = 2|a|
(
2n +
a
|a| +∆− 1
)
. (25)
Since the simplest scalar QCD operator shown in (2) has ∆ = 3, the rela-
tion (13) for dimensions of scalar ”descendants” can be applied, the radial
scalar spectrum takes the form,
m2n = 4|a|
(
n + k + 1 +
a
2|a|
)
, n, k = 0, 1, 2, . . . , (26)
which differs from the vector spectrum (20) only by a general shift depending
on the sign of constant a in the dilaton background.
Now we will generalize the model to the case of arbitrary spin. Let us
introduce the higher spin fields following the method of Ref. [17]. The higher
spin fields ΦJ
.
= ΦM1M2...MJ , Mi = 0, 1, 2, 3, 4, are described by symmetric,
traceless tensors of rank J . By assumption, the physical components of 5D
fields satisfy the condition,
Φz... = 0, (27)
which is a generalization of condition Vz = 0 used in the vector case. The
constraint ∂µΦµ... = 0 is also imposed to have the required 2J + 1 physical
degrees of freedom on the 4D boundary. In general, an action for free higher
spin fields contains many quadratic terms appearing from many ways of
contraction of coordinate indices. But the condition (27) greatly simplifies
the action leaving two terms only [8, 17],
I = (−1)J 1
2
∫
d4x dz
√
g e−az
2(∇NΦJ∇NΦJ −m2JΦJΦJ) . (28)
We will work in the ”weak gravity” conjecture where the covariant derivatives
∇ can be replaced by the usual ones [17]. Using again the 4D plane-wave
ansatz ΦJ (xµ, z) = e
ipxφ(J)(z)ǫJ we get the equation of motion for the profile
function φ(J)(z),
− ∂z
(
e−az
2
z2J−3∂zφ
(J)
n
)
+m2JR
2e−az
2
z2J−5φ(J)n = m
2
ne
−az2z2J−3φ(J)n . (29)
8
The substitution φ
(J)
n = eaz
2/2z3/2−Jψ
(J)
n casts the Eq. (29) into the Schro¨dinger
equation (16) with the potential
V (z) = a2z2 +
(J − 2)2 +m2JR2 − 1/4
z2
+ 2a(1− J). (30)
The discrete mass spectrum is
m2n,J = 2|a|
(
2n + 1 +
a
|a|(1− J) +
√
(J − 2)2 +m2JR2
)
. (31)
This spectrum depends on the 5D mass mJ of symmetric tensor fields in
the AdS5 space while the relation (12) gives masses for free p-form fields in the
AdS5 space which represent antisymmetric tensors. However, as was shown
in Ref. [18], the condition (27) leads to decoupling of kinematical aspects
and the symmetric tensors of rank p (describing mesons of spin p) obey the
same equation as the p-form fields. In the ”weak gravity” approximation,
this means that we may replace ”p” by ”J” in the relation (12) [18, 19],
m2JR
2 = (∆− J)(∆ + J − 4). Then the spectrum (31) takes the form
m2n,J = 2|a|
(
2n+
a
|a|(1− J) + ∆− 1
)
. (32)
It is easy to see that all corresponding equations for vector and scalar mesons
considered above represent just particular cases J = 1 and J = 0 of presented
relations for arbitrary integer spin. Now we need the last ingredient — an ex-
tension of expression for canonical dimension of interpolating operators (13)
to the case of arbitrary spin. As follows from the discussions in section 2,
this extension of (13) is
∆ = 2 + J + 2k, k = 0, 1, 2, . . . , (33)
which holds for J ≥ 1. From the Eq. (32) we then obtain for non-zero spins,
m2n,J = 4|a|
(
n + k +
1
2
(1 + J) +
a
2|a|(1− J)
)
. (34)
For consistency we must to choose the sign a < 0 in the dilaton background
because for a > 0 the spectrum does not depend on spin, m2n,J = 4a(n+k+1).
Thus, the final relation is
m2n,J = 4|a|(n+ k + J), n, k = 0, 1, 2, . . . , J > 0. (35)
The relation (35) generalizes the spectrum of the simplest SW model [8] for
the twist-two interpolating operators (k = 0) to higher twists. The choice of
9
sign for a is in fact predetermined by the way one introduces the higher spin
fields. If we introduced them following the original paper on SW model [8]
as gauge massless fields on AdS5 the situation would be opposite — the mass
spectrum (35) would be obtained for a > 0 (this happens due to a specific
rescaling of fields, see discussions on this point in Ref. [20]). But indepen-
dently of the issue of sign, we come to a remarkable conclusion that the
integer number n in (35) enumerating the KK excitation can be replaced by
the integer number k enumerating the higher-dimensional interpolating oper-
ators with identical chiral and Lorentz properties which can be built in QCD.
Thus we obtain a new physical interpretation for this number that histori-
cally gave rise to the notion of daughter Regge trajectories in old Veneziano
dual amplitudes and in QCD string models.
We can get a further insight from consideration of normalized eigenfunc-
tions corresponding to the discrete spectrum (35),
φ(J)n =
√
2n!
(J + 2k + n)!
e−|a|z
2 (|a|z2)1+k LJ+2kn (|a|z2) , (36)
where Lαn(x) are associated Laguerre polynomials. It is seen that the numbers
n and k are not completely interchangeable in the radial wave function: While
the large z asymptotics depends on the sum n + k (because Lαn(x) ∼ xn at
large x), the number of zeros is controlled by n only (as the polynomial Lαn(x)
has n zeros). By setting n = 0, i.e. by keeping the zero KK mode only, we
thus choose the wave function without zeros in holographic coordinate. This
wave function is the least ”entangled” with the 5th holographic dimension
and thereby is the least sensitive to deviations from the AdS structure. As
we will discuss in section 5, this makes the zero mode the most reliable in
the phenomenological holographic approaches.
4 The Hard Wall model
The spectrum of HW holographic model [6,7] is not Regge like, on the other
hand this model is much better accommodated for description of the chiral
symmetry breaking in QCD. The analysis of previous section can be easily
applied to the HW model — one can just set a = 0 in the corresponding
equations and impose the infrared cutoff zm. The normalizable solution of
Eq. (29) satisfying φ(0) = 0 is then given by
φ ∼ z2−JJ∆−2(mz), (37)
where Jα(x) is the Bessel function. The solution (37) corresponds to interpo-
lating QCD operator of canonical dimension ∆. In the original papers [6,7],
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the discrete spectrum emerges from the Dirichlet boundary condition,
∂zφ(mnzm) = 0. (38)
Using the known properties of Bessel functions, 2∂xJα = Jα−1 − Jα+1 and
2αJα/x = Jα−1 + Jα+1, the condition (38) leads to the equation
(∆− J)J∆−3(mnzm) = (∆ + J − 4)J∆−1(mnzm), (39)
where we keep only the lowest solution for ∆ = 3, 4, 5, . . . . If we define the
cutoff zm as in Refs. [6, 7] from the ρ-meson mass, i.e. for J = 1 and ∆ = 3
in our Eq. (39), that as in [6, 7] yields the condition J0(mρzm) = 0 (the first
zero must be chosen) resulting in the numerical value z−1m ≈ 323 MeV. The
radial ρ-meson spectrum is then given by the following sequence of roots of
Eq. (39): mnzm ≈ {2.4, 3.5, 4.6, 5.7, 6.8, 7.8, . . .} which results in the masses
(in MeV)
mρ,n ≈ {776, 1135, 1488, 1837, 2183, 2527, . . .}. (40)
This spectrum is different from the spectrum of original HW model [6,7] de-
fined by zeros of J0(mnzm): mnzm ≈ {2.4, 5.5, 8.7, 11.8, . . .} that numerically
leads to
mρ,n ≈ {776, 1777, 2810, 3811, . . .}. (41)
Thus there is no equivalence between our description of HW radial spectrum
and the standard one. It should be mentioned, however, that our descrip-
tion with the help of HDO in QCD gives much slower rise of radial masses
than in the traditional HW approach. This provides a qualitatively better
spectroscopy: In the mass range below 2.5 GeV (relatively well scanned ex-
perimentally for light non-strange mesons) we obtain 5 ρ-mesons that is more
or less in accord with the Particle Data [14], while the standard HW model
predicts only 2 ρ-mesons.
In view of pending status of problem with correct introduction of higher
spin fields in holographic QCD, let us repeat the analysis for the gauge way
of introducing the arbitrary spins — the way adopted in the original SW
model [8]. Actually this analysis in the HW model was carried out for fields
dual to twist-2 operators in Ref. [21], we will just generalize it to arbitrary
twists. The resulting equation of motion is tantamount to making the substi-
tution φ(J) = z4−J−∆φ˜(J) (the field φ˜(J) becomes constant at the UV bound-
ary z → 0) and dropping the 5D mass term in Eq. (29) with a = 0. We
get
− ∂z
(
z1−2(∆−2)∂zφ˜
(J)
n
)
= m2nz
1−2(∆−2)φ˜(J)n . (42)
The normalizable solution satisfying φ˜(J)(0) = 0 is
φ˜(J) ∼ z∆−2J∆−2(mz). (43)
11
The Dirichlet boundary condition leads to the following equation for discrete
spectrum,
J∆−3(mnzm) = 0, (44)
where the property of Bessel functions ∂x (x
αJα) = x
αJα−1 was exploited.
Setting ∆ = J + 2 in Eq. (44), we obtain the equation of Ref. [21] for spec-
trum of higher spin mesons interpolated by twist-2 operators. For arbitrary
twist, we get the same pattern of degeneracy between higher spin and ra-
dial excitations as in the SW model. The sequence of roots of Eq. (44) for
z−1m ≈ 323 MeV and m0 = 776 MeV is mnzm ≈ {2.4, 3.8, 5.1, 6.4, 7.6, . . .}. It
leads to the mass spectrum
mn ≈ {776, 1234, 1653, 2056, 2452, . . .}. (45)
In Ref. [21], the spectrum (45) was obtained for the higher spin excitations;
within our approach, it coincides with the spectrum of radially excited spin-1
ρ-mesons. The spectrum (45) is numerically different from (40) but shares
similar qualitative rise with energy — below 2.5 GeV we again have 5 ρ-
mesons.
It is curious to note that the spectrum (45) well approximates the exper-
imental positions for clusters of light non-strange meson resonances arising
from approximate mass degeneracies between radial and spin (or orbital)
excitations [13, 16, 22].
5 Discussions
The KK modes are usually regarded as inherent for holographic models and
are widely used in phenomenological applications. The status of KK modes,
however, is not clear from the point of view of original AdS/CFT correspon-
dence [3].
In the compactified AdS space of HW models, the nature of KK modes is
similar to KK modes from flat extra space compactified on a circle — they
emerge from boundary conditions on propagation of particles in the whole
extra dimension and the higher is a KK-mode, more ”entangled” is its wave
function with extra dimension (has more zeros). In the infinite AdS space
— the case of SW model — the nature of KK modes becomes more tricky.
The gravitational potential grows in spaces with negative lambda-term, as a
result the gravity acts on massive particles as a kind of potential well [23].
Massless particles in AdS are known to reach the boundary at infinity for
finite time [23], so they can be also considered as living in a gravitational
box. As before, the KK modes are well-defined if the whole infinite AdS
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space is available for propagation. The problem of reliability of KK modes
in holography arises from the fact that the AdS5 space in the AdS/CFT
correspondence is an approximation which is valid only in the deep infrared
domain.
To clarify the point, it should be recalled that the Maldacena’s gauge/gravity
conjecture originated from the three-brane supergravity solution for a stack
of Nc coincident 3D branes in 10D ambient space [3]. The corresponding
extremal solution for the sign convention as in (11) has the form (omitting
the 4-form RR-potential)
ds2 =
(
1 +
R4
r4
)− 1
2
dy2µ −
(
1 +
R4
r4
) 1
2 (
dr2 + r2dΩ25
)
, (46)
r2 =
9∑
i=4
y2i , R
4 = 4πgsNcl
4
s = g
2
YMNcl
4
s = λl
4
s ,
where the indices µ = 0, 1, 2, 3 run along the worldvolume of D3 branes, Ω5
denotes unit 5-sphere, ls and gs are the string length and coupling. The
gravitational description is justified for R≫ ls that entails the large ’t Hooft
coupling λ≫ 1. The conjecture of AdS/CFT correspondence emerges in the
region r ≪ R, where the metric (46) factorizes into AdS5×S5,
ds2
∣∣
r≪R
=
r2
R2
dy2µ −
R2
r2
dr2 − R2dΩ25. (47)
Strictly speaking, one obtains in (47) the Poincare´ patch of AdS5 describing
only half of the global AdS5 space (a region r > 0 lying from ”one side” of
the D3 stack). After the change of coordinate r = R2/z this patch takes the
form of (11). We see thus that the metric (47) in holographic QCD has a
justification within the original gauge/gravity duality for z ≫ R only. The
matching to QCD, however, is usually performed in the limit z → 0 where the
metric (46) does not have an AdS part at all. Phenomenologically this can
be avoided by imposing an ultraviolet cutoff on the holographic coordinate
z [9, 24]. In our opinion, the solution proposed in the present work is more
advanced — in order not to have troubles with reliability of holographic KK
modes we can just neglect them all but zero mode as unnecessary solutions
if HDO from QCD are introduced into analysis. Perhaps one can develop a
more solid justification by imposing the Pauli-Villars regularization in line
with the compactified AdS5 (i.e. Randall-Sundrum) extra-dimensional sce-
nario of Ref. [25] — this regularization effectively suppresses the propagation
of KK modes of gauge fields except zero mode.
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The approach proposed in the present work may be interpreted as a simple
tool establishing a direct relation between some composite QCD operators
and a hadron resonance with a definite mass. For the higher spin excitations
this was well known, we extended the relationship to the radial excitations.
The emerging simple connection between HDO in QCD and the whole excited
hadron spectrum becomes thus a new nice feature of bottom-up holographic
models.
The linear form of radial spectrum of SW model in our scheme remains
unchanged and the proposed approach by itself cannot explain the origin of
quadratic dilaton background in the action (10). This long-standing prob-
lem is still open. The original proposal for the dilaton factor eϕ was inspired
by the string theory but the quadratic form, ϕ = −az2, speculatively con-
ceivable as a possible result of ”closed string tachyon condensation” [8], was
completely phenomenological. A gravitational theory with quadratic dilaton
background is not known. There are numerous attempts in the literature
to develop a sort of dynamical Maxwell-dilaton-gravity model, however, the
desired background e−az
2
on AdS5 space either does not appear even ap-
proximately or is obtained at the cost of introduction of some complicated
potential V (ϕ) in the action. Without any theoretical restrictions on the
form of V (ϕ) (e.g., like renormalizability) such a solution looks as ad hoc as
introduction of this background by hands.
It is not excluded that a viable solution lies in a completely different
direction. For instance, one may speculate that this background can be
interpreted as an effective way for taking into account some quantum features
of particle propagation in the AdS space-time, in which gravity effectively
acts as a finite box. In this respect, it is interesting to mention the recent
work [26] where it was demonstrated that in Lorentzian AdS gravity dresses
free propagators on the quantum level. In particular, the scalar component
of 5D graviton leads to universal exponential suppression of propagators in
the infrared region,
∆p(z) ∝ e−αpz, (48)
where p =
√
pµpµ and positive constant α ∼ 1/(RMPl)2 arises from one-loop
gravitational corrections. In other words, the AdS space turns out to be
opaque to propagation in deep infrared region. Basing on this result, we
may imagine the following. At high enough energy one has p ∼ Ep, where
Ep is the particle proper energy (the energy measured in the reference frame
instantaneously at rest at z). The proper energy is related to the energy in
the gauge theory Eexp, that is measurable experimentally, via the rescaling
dictated by the AdS metric (11),
p ∼ Ep = z
R
Eexp. (49)
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Then if we want to deal with measurable quantities (as we do in the bottom-
up holographic QCD) we should substitute (49) into (48),
∆p(z) ∝ e−|a|z2, (50)
where a is a constant proportional to a typical energy scale multiplied by
AdS5 curvature 1/R and by 5D gravity coupling squared from one-loop grav-
itational corrections. Loosely speaking, the dim2 slope parameter a of meson
trajectories emerges as a result of multiplication of two dim1 factors stem-
ming from the UV and IR dynamics correspondingly. A similar interpretation
for a was proposed in Refs. [27] from different considerations.
The asymptotic behavior (50) can be compared with the bulk-to-boundary
propagators in the SW model. In the vector case (10) (see, e.g., Ref. [28]),
∆p(z) = Γ
(
1− p
2
4|a|
)
e(a−|a|)z
2/2U
(−p2
4|a| , 0; |a|z
2
)
, (51)
where U(α, β; x) is the Tricomi confluent hypergeometric function which van-
ishes for x→∞ as x−α. For arbitrary spin ∆p(z) is qualitatively similar —
the main change is β = |J − 1| in U(α, β; x) [17]. Now one can observe that
at a < 0 in (51) — the choice that we made in section 3 for arbitrary spin —
the propagators in the SW model acquire the same exponential suppression
as in (50). The dilaton background of the SW model might be thus viewed as
an effective account for quantum gravity corrections to particle propagators
in the AdS5 space.
6 Conclusions
In the usual AdS/QCD approach, the radially excited hadrons are identified
with Kaluza-Klein excitations of dual theory. We proposed an alternative
description in which they are related to higher dimensional operators in QCD.
The new description was applied to the Soft Wall and Hard Wall holographic
models in the sector of light mesons. The linear radial and angular Regge
spectrum of Soft Wall model remains qualitatively the same. The radial
spectrum of Hard Wall model changes significantly in the new description
and becomes qualitatively better from the phenomenological viewpoint. The
main advantage of our approach is that each radial excitation is related with
a certain interpolating QCD operator (or a set of operators). This allows,
as a matter of principle, to check the holographic predictions by means of
lattice simulations or QCD spectral sum rules.
As the presented holographic approach to hadron spectroscopy is more
tightly related with the real QCD than the traditional bottom-up holographic
15
models, it would be interesting to explore it beyond the hadron spectroscopy.
We leave this work for future.
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